We measured concentrations of Ca 2+ in tissues (hemolymph, hepatopancreas, cuticle, and muscle) of the whiteleg shrimp Litopenaeus vannamei (Boone, 1931) and recorded changes in tissue calcium levels at molting stages and different salinities. Calcium in tissues varied significantly with molting stage (p < 0.05). Salinity also affected Ca 2+ concentrations in tissues (p < 0.05). The highest Ca 2+ concentrations were found in the cuticle, followed by the hepatopancreas. Ratios of Ca 2+ /Na + in tissues (except for muscle) varied with the molting stage and were higher in 4 g L −1 than in other salinities. Calcium entering the shrimp may initially be mineralized in the cuticle or stored in the hemolymph and hepatopancreas, after which it is released to support mineralization in the post-molt period. Muscles may take part in the growth of L. vannamei by storing calcium during the molting cycle.
INTRODUCTION
Calcium is an important element required for calcification in the hardening cuticle. In addition to this role, calcium helps to maintain physiological homeostasis. Calcium is absorbed from the external environment, recycled from discarded cuticle, and obtained from food items. Calcium absorbed by the gills and gut is transferred by the epidermis to the cuticle, or is stored in the hemolymph or in other tissues such as the hepatopancreas.
Crustaceans continually molt their outer shells throughout their lives as they grow. Metabolism, reproduction, and behavior are directly and indirectly affected by periodic ecdysis (Passano, 1960) . Calcium regulation is also affected by the molting cycle. The mechanisms of calcium absorption, transportation, and storage vary during the molting cycle. There have been some studies on the relationship between molting stages and hemolymph calcium concentration in organisms such as: Marsupenaeus japonicus (Bate, 1888) ; Penaeus monodon Fabricius, 1798 ; Scylla serrata (Forskål, 1775) ; Macrobrachium rosenbergii (De Man, 1879) ; and Litopenaeus vannamei (Boone, 1931) (Parado-Estepa et al., 1989; Chen and Cheng, 1993; Chen and Chia, 1997; Cheng et al., 2001 and . The calcium distribution in some tissues is also related to the molting cycle. This has been demonstrated in the cuticle and hepatopancreas of M. rosenbergii, in the muscle of L. vannamei, and in the muscle and cuticle of Fenneropenaeus indicus (Milne Edwards, 1837) (Vijayan and Diwan, 1996; Oliverira et al., 2006; Wilder et al., 2009) .
Some researchers have studied the permeability of the cuticle at various molting stages (Williams et al., 2009) , the * Corresponding author; e-mail: eric@mail.ntou.edu.tw physiological and metabolic changes during the molting cycle (Galindo et al., 2009; Shock et al., 2009) , and stress and survival during ecdysis (Shock et al., 2008) . The molt of crustaceans is significantly affected by the external environment, the internal physiological state, and the developmental stage (Skinner, 1985; Chan et al., 1988) . It is known that salinity is one of the environmental factors affecting the molt of crustaceans. Fluctuations in salinity affect calcium in the hemolymph more strongly than calcium in the hepatopancreas or gastroliths (Hagerman, 1973) . Different salinity environments correspond to different calcium levels (seawater is about 8.94 mM, and freshwater is about 1.79 mM), and hence, crustaceans can manage calcium flux in different ways such as unidirectional influx, active basolateral efflux, and net unidirectional efflux (Wheatly et al., 2002) . Calcium regulation is also controlled by epidermal cells in different tissues to respond to salinity changes. Higher rates of survival and molt success are observed in high-salinity seawater (Rouse and Kartamulia, 1992) . Parado-Estepa et al. (1989) have suggested that total calcium in the prawn P. monodon is more strongly affected by the molting cycle than by salinity.
The white shrimp L. vannamei is the major species of penaeid shrimp in the eastern hemisphere. It is naturally distributed throughout Pacific coasts from the Gulf of California to northern Peru (Farfante and Kensley, 1997) . The white shrimp is a euryhaline species; it inhabits brackish waters of 1-2 g L −1 salinity and saline water at 40 g L −1 salt (Menz and Blake, 1980) . The isomotic point of L. vannamei is 718 mOsm kg −1 , which is equivalent to 25 g L −1 salinity. This species exhibits hyperosmotic regulation at low salinity levels, and exhibits hypo-osmotic regulation at high salinity levels (Castille and Lawrence, 1981) .
There are few reports that examine the relationship of calcium in tissues with both the molting cycle and ambient salinity. In this study, we measured Ca 2+ levels in tissues and characterized the relationship of Ca 2+ levels with molting stage and salinity to better understand the processes of Ca 2+ distribution, storage, and transport.
MATERIALS AND METHODS
Animals Individuals of L. vannamei were obtained from the Aquatic Animal Center at National Taiwan Ocean University in Keelung, Taiwan and acclimated in the laboratory for 2 weeks before experimentation. Shrimp (19.92 ± 1.41 g) were randomly divided into 4 groups in 34 g L −1 seawater and then adjusted by 2 g L −1 each day to reach one of the following salinity levels: 4, 14, 24, or 34 g L −1 . Sampling Samples were randomly collected from each treatment condition, and there were five or six individuals for each stage and salinity level. Hemolymph samples were taken by syringe from the pericardial cavity through the intersegmental membrane between the cephalothorax and abdominal segment. Afterward tissue samples of the cuticle, hepatopancreas, and muscle were removed, weighed, and then dried by a freeze-dryer. We identified the molting stage by examining the uropods, in which the partial retraction of the epidermis could be distinguished (this method was modified from Oliverira et al., 2006) . The method of identifying the molting stage was modified from Chan et al. (1988) . Stages A-B were designated as post-molt, C as inter-molt, D 0 -D 1 as early pre-molt, and D 2 -D 3 as late pre-molt.
Hemolymph and Tissue Ion Concentrations
The method was modified from that of Wilder et al. (2009) . Concentrated nitric acid (70%) was added to hemolymph or dried tissue samples and digested in a microwaveaccelerated reactor (MARS Xpress, CEM, Matthews, NC, USA). Next, Na + , K + , Ca 2+ , and Mg 2+ levels were determined using a flame atomic absorption spectrophotometer (SpeactAA 240-FS, VARIAN, Palo Alto, CA, USA).
Statistical Analysis
All data for each stage/salinity treatment were tested using Levene's test of homogeneity of variances. Data were tested for salinity or molting stage effects using one-way analyses, and they were tested for both salinity and molting stage effects using two-way analyses (ANOVAs; Steel and Torrie, 1980) . If significant differences were indicated at the p < 0.05 level, then Duncan's multiple-range test was used to identify significant differences between treatments (Duncan, 1955) . The statistical significance of all tests was accepted at the p < 0.05 level. All data have been reported as mean ± S.E. (standard error). , the value at stage D 3 , were significantly lower comparing that at stages D 0 -D 1 (p < 0.05) (Fig. 1) .
RESULTS

Calcium Levels in Tissues of
Muscle Ca 2+ levels at each stage increased dramatically with salinity and were significantly higher at 34 g L −1 than at 4 g L −1 (p < 0.05). The relationship of muscle Ca 2+ with the molting cycle was opposite to the hepatopancreas Ca 2+ trend. At each salinity (4, 14, 24, and 34 g L −1 ), muscle Ca 2+ levels rose, starting at stage B and reached their highest levels at stages C-D 0 , with values of 4.63 ± 0.05, 4.73 ± 0.18, 5.15 ± 0.09, and 5.34 ± 0.04 mg g −1 , respectively. After stages C-D 0 , levels began to decline until ecdysis, and the lowest levels were found at stage D 3 , at which point the values were 3.80 ± 0.08, 3.93 ± 0.12, 4.30 ± 0.11, and 4.42 ± 0.06 mg g −1 , respectively ( Fig. 1 ). During the molting cycle at all salinities, Ca 2+ concentration was significantly higher in the cuticle than in other tissues. Ca 2+ concentration in the cuticle was approximately 10-fold higher than in hepatopancreas tissue, 25-fold higher than in muscle, and 100-fold higher than in hemolymph. During the molting cycle, muscle Ca 2+ levels peaked at stage C, and cuticle Ca 2+ reached its highest value at stage D 1 . Hemolymph and hepatopancreas Ca 2+ levels both peaked at stage D 2 (Fig. 1) . Na + , K + , Ca 2+ , and Mg 2+ are four important ions in the body, so we calculated the proportions of them in the each tissue (hemolymph, hepatopancreas, cuticle, and muscle) to examine their interrelationships. The tissuespecific proportions of calcium relative to the other cations are shown in Table 1 . The Ca 2+ percentages in hemolymph, hepatopancreas, cuticle, and muscle were 20.01 ± 0.2%, 41.84±1.1%, 90.40±0.4%, and 22.74±0.9%, respectively; hence, calcium was found to be at a very high proportion in the cuticle. The calcium proportion in the cuticle at each stage was significantly lowest at 34 g L −1 (p < 0.05), and a similar trend was observed in the hemolymph but was not significant (p > 0.05). The trend in muscle was the opposite, showing the lowest Ca 2+ levels at 4 g L (Fig. 2) .
Ratios of Ca 2+ /Na + in the hepatopancreas at each salinity (4, 14, 24, and 34 g L −1 ) decreased from stage B to C and then increased at pre-molt. The values were lowest at intermolt, at 1.13, 1.01, 0.98, and 1.00, respectively; the values were highest at the late pre-molt at each salinity (4, 14, 24, and 34 g L −1 ), at 1.45, 1.40, 1.34, and 1.32, respectively. Ratios of Ca 2+ /Na + in the hepatopancreas at each stage were higher at 4 g L −1 than at other salinities, especially at stages C, D 0 , D 2 and D 3 (Fig. 2) .
At each salinity (4, 14, 24, and 34 g L −1 ), the trend of Ca 2+ /Na + ratios in the cuticle were irregular with respect to the molting cycle. . The ratio decreased with increasing salinity and was lowest at 34 g L −1 (p < 0.05) (Fig. 2) . (Fig. 2) .
DISCUSSION
It is known that calcium is the major element composing the crustacean cuticle, and it can affect epithelial cell calcium homeostasis. Calcium concentration is directly affected by ionic regulation, tissue-specific regulation, the molting cycle, and the external environment (Parado-Estepa et al., 1989; Vijayan and Diwan, 1996; Wilder et al., 1998 and 2009; Zilli et al., 2007) . Of all the tissues examined (hemolymph, hepatopancreas, cuticle, and muscle), the proportion of Ca 2+ compared to other cations was highest in the cuticle. (McMahon and Stuart, 1989) . Calcium is the primary inorganic material in the cuticle and participates in the biomineralization process. Ca 2+ fluxes in other tissues have roles in processes such as ionic regulation, contractile activation, the molting cycle, salinity tolerance, movement, and storage (Ashley et al., 1974; Becker et al., 1974; Brannon and Rao, 1979; Whealty, 1985; Ferraris et al., 1987; ParadoEstepa et al., 1989; West et al., 1995) .
The major source of Ca 2+ for cuticular mineralization in marine penaeids is the ambient water, and tissues may absorb Ca 2+ when sudden post-molt demands occur. In freshwater crustaceans, the Ca 2+ used for cuticular calcification is stored in tissues such as gastroliths, midgut glands, and hemolymph (Stevenson, 1985; Vijayan and Diwan, 1996) . This reveals that the main sources of Ca 2+ in crustaceans living in marine environments are not identical to those of freshwater environments. The calcium content in the natural freshwater is lower than that in seawater. Neufeld and Cameron (1992) summarized some of the ways that crustaceans obtain calcium in low-calcium environments: 1) storage -some species store calcium from the old exoskeleton in the hemolymph, gut, or midgut gland and supply some calcium to harden the new cuticle (Greenaway, 1985) ; 2) reduced mineral content -the total amount of calcium accumulated may depend on the availability of calcium in the environment, such as in Parastacoides tasmanicus (Erichson, 1846) and Astacopsis fluviatilis (Gray, 1845) (Mills and Lake, 1976) ; 3) Reduced uptake rate -the time needed for calcification may increase without a reduction in the final content in calcium-limited environments, such as in Gammarus pulex (Linnaeus, 1758) , which accumulates calcium more slowly in water with low calcium concentration (Vincent, 1969) ; 4) reduced activity of calcium in the blood -the calcium activity determines the electrochemical gradient because the ionic strength of a solution and the proportion of calcium in an ionized form can affect the activity of the total calcium content, and some freshwater species have lower calcium activities while maintaining total concentrations equal to those of seawater species (Table 3 in Greenway, 1985) ; 5) Active transport -crustaceans depend on active transport when a net passive influx is not possible against an existing electrochemical gradient, and this condition occurs in waters with extremely low calcium concentrations (Vincent, 1969; Malley, 1980) . The above studies suggest that lower-calcium environments can affect calcium absorption in crustaceans and affect the regulation of calcium balance in euryhaline crustaceans. Wilder et al. (1998) reported that the composition of the cuticle of M. rosenbergii primarily includes α-chitin and calcium carbonate, and these substances are present in a regular crystalline form. The general structure was most affected by exposure to a higher salinity. In this study, calcium levels in tissues increased following an increase in salinity, except for that of the hepatopancreas. The concentrations of Ca 2+ of L. vannamei were higher in the hemolymph than in the external seawater environment, especially at 4 g L −1
(1.79 mM). When crustaceans need calcium to calcify the cuticle, the hemolymph is the second point of contact to absorb calcium after the gill epidermis in lower-calcium environments, and it can quickly transport absorbed calcium to the cuticle. The excess calcium is sent to the hepatopancreas for storage. This reveals that the Ca 2+ sources of L. vannamei include not only absorption from the water but also intake from food and other sources in low-salinity waters. Calcium accumulation in the cuticle of L. vannamei is higher at salinities lower than at 34 g L −1 . Calcium in the hemolymph of L. vannamei varied with salinity, but the calcium in the hepatopancreas of L. vannamei did not.
Crustaceans need a certain amount of calcium after ecdysis in order to immediately harden the cuticle for protection. They shed the old cuticle and secrete a new cuticle to accommodate the growing body. Crustaceans also need calcium to modulate some physiological functions, and they are affected by the molting cycle. Therefore, fluctuations in calcium change with the molting cycle. Many researchers reported the relationship of calcium with the molting cycle in M. rosenbergii (Wilder et al., 2009) , F. indicus (Vijayan and Diwan, 1996) , Macrobrachium nipponense (De Hann, 1849) (Wang et al., 2003) , Callinectes sapidus (Rathbun, 1896) (Perry et al., 2001) , and Paranephrops zealandicus (White, 1847) (Hammond et al., 2006) . In this study, the cuticle calcium level was lowest at post-molt, highest at inter-molt and early pre-molt, and then decreased at the last pre-molt. Similar results were reported for F. indicus (Vijayan and Diwan, 1996) . Calcium levels in the hemolymph and hepatopancreas of L. vannamei were lower at stage B and higher at pre-molt. Calcium is absorbed from the environment, from the old cuticle, and from calcium reserves. Calcium is often removed from the exoskeleton and stored in the hemolymph, midgut, and gastroliths in some species to provide some Ca 2+ as needed after ecdysis for mineralization of the new soft cuticle (Greenaway, 1985) .
In this study, we found that tissue calcium levels changed with the molting stage; trends of calcium levels with molting stages were not the same in different tissues, and the ranges of tissue calcium levels also differed. The Ca 2+ levels of the cuticle, hemolymph, and hepatopancreas increased after ecdysis. Cuticle Ca 2+ levels began to decline after early pre-molt, but those of the hemolymph and hepatopancreas continued to increase in the same period. Hepatopancreas Ca 2+ levels were approximately 7.5 to 8.5-fold higher than hemolymph Ca 2+ levels. Greenaway (1985) reported that the hepatopancreas is a storage site for calcium and that calcium in the hemolymph is used for osmoregulation. The hemolymph and hepatopancreas of L. vannamei may thus play important roles in calcium homeostasis.
There are four epithelial-lined organs that control the concentration of calcium in the hemolymph of crustaceans: the gut, kidneys (antennal glands), gills, and integumentary epidermis (Ahearn et al., 1999) . Epithelial cells of the lobster hepatopancreas were demonstrated to play an important part in calcium balance during the molt cycle. Apical calcium transporters include: 1) an amiloride-sensitive electrogenic 2Na
+ /H + antiporter, 2) an amiloride-insensitive Ca 2+ /n Na + exchanger, and 3) a verapamil-sensitive calcium channel. The basolateral transporters include (1) a Ca 2+ -ATPase, (2) an electrogenic (3Na + /1Ca 2+ ) cation exchanger, and (3) a verapamil-sensitive calcium channel (Ahearn and Zhuang, 1996; Zhuang and Ahearn, 1998) .
During the pre-molt stage, almost all of the calcium in the old cuticle is solubilized, transferred to the hemolymph, and then stored in hepatopancreatic epithelial cells. After ecdysis, the calcium stored in the hepatopancreas is released to rapidly calcify the new soft cuticle. Greater than 90% of the calcium in the lobster hepatopancreas entered by way of Ca 2+ -ATPase when Ca 2+ concentrations in the epithelial cells were 100∼500 nM. In addition, temporary calcium storage or transcellular calcium movements might occur in the molting cycle when Ca 2+ concentrations are 1000∼10 000 nM and when the electrogenic 1Ca 2+ /3Na + exchanger takes a greater role in moving divalent cations out of cells (Zhuang and Ahearn, 1998) . It was demonstrated that hepatopancreas R-cells of M. japonicus (Bate, 1888) can store calcium, that the calcium released from mitochondria was higher in pre-molt than in post-molt and inter-molt, and that the calcium channels in apical membranes exist in hepatopancreatic B-cells (Zilli et al., 2003 and 2007) . Calcium in the cuticle of L. vannamei decreased from the late pre-molt in this study, and Ca 2+ concentrations of the hemolymph and hepatopancreas continued to increase at the same time. The ratio of Ca 2+ /Na + in the hepatopancreas was the lowest at inter-molt and rose at pre-molt. On the other hand, the ratio of Ca 2+ /Na + in the hemolymph was the lowest at early pre-molt, and increased at the late premolt. This reveals that calcium in the hepatopancreas of L. vannamei was released in great amounts to the hemolymph, and transported by the hemolymph to the cuticle at postmolt and inter-molt. The hemolymph transports calcium reabsorbed from the cuticle and from external water for stockpiling in the hepatopancreas at pre-molt. When calcium is discharged from the cuticle at stage D 3 , the hemolymph stores part of the calcium in addition to the hepatopancreas. Calcium in the hepatopancreas plays a role with Ca 2+ -ATP getting released to the hemolymph at pre-molt, and calcium enters the hepatopancreas at pre-molt by the 1Ca 2+ /3Na + exchanger. Salinity is another factor affecting the Ca 2+ balance in crustaceans. In this study, we found that the ratios of Ca 2+ /Na + in the hepatopancreas, hemolymph, and cuticle were higher in low salinities than in high salinities, especially in the cuticle. However, calcium in the hepatopancreas did not significantly vary with the different salinities. It is difficult to obtain calcium from a low-salinity environment compared to a high-salinity one. In order to carry out biomineralization and other Ca 2+ homeostasis functions, L. vannamei maintains a calcium balance in different ways in low salinities. It may be that the calcium-transport mechanism in the hepatopancreas needs to be more sensitive at low salinities, although calcium accumulation in the hepatopancreas was not affected by salinity.
Muscles might be another site of calcium deposition due to absorption from water and food (Vijayan and Diwan, 1996) . These authors described a reduction in muscle Ca 2+ levels in F. indicus from pre-molt to post-molt, which indicated that muscle may participate in Ca 2+ support for calcification at post-molt. In this study, however, Ca 2+ levels in muscles of L. vannamei were highest at stage C and then decreased at pre-molt. The varied ratios of Ca 2+ /Na + in muscles of L. vannamei were the same as calcium levels in muscles during the molting cycle but contents varied with different salinities. Muscles may support Ca 2+ for the newly forming cuticle at pre-molt and take part in other physiological functions, but changes in calcium in muscles were not affected by salinity. Oliveira et al. (2006) investigated muscle protein concentrations in L. vannamei and found that they increased at stages B-C and decreased at stage D 0 . The cross-sectional area (CSA) of L. vannamei increased during stages B-C, and muscle fiber walls were distended during the same stages. The CSA decreased in stage D 0 , followed by a shrinking of the muscle fiber walls. This caused muscles to grow at intermolt. A calcium-dependent proteinase (CDP) was found in crustacean muscles, and CDPs can degrade actin and myosin in addition to other myofibrillar proteins (Mykles and Skinner, 1982) . A type of proteinase-like CDP might exist in L. vannamei; it may degrade some muscle proteins at pre-molt. The trends of muscle protein concentrations and muscle fibers at the various molting stages (Oliveira et al., 2006) were similar to muscle calcium concentrations at the same molting stages in this study. Calcium levels in muscles during the molting cycle might affect the action of proteinases like CDPs in the muscles of L. vannamei. Proteinases might use calcium at pre-molt, causing muscle fibers to diminish at the same time. Therefore, some of the stored Ca 2+ in muscles of L. vannamei is used to calcify the new cuticle, and some it is used for the growth of L. vannamei.
In this study, the observed relative Ca 2+ concentrations in the tissues examined can be expressed as follow: cuticle > hepatopancreas > muscle > hemolymph. The calcium concentrations in the four tissues varied with the changes in salinity and molting stage. However, the variations in the calcium proportions relative to other primary ions were not similar to the trend of the calcium concentration ( Fig. 1 ; Table 1 ). The crustacean cuticle needs calcium to harden, so calcium was predictably found to have a high proportion in the cuticle, 90.40%. Some previous studies noted mechanisms by which calcium is regulated and stored in the hepatopanceas (Chavez-Crooker et al., 2003; Zilli et al., 2007; Wilder et al., 2009) , and it can also be responsible for regulating muscle contraction and nerve impulse transmission (Lall, 1989; Lovell, 1989) . The concentration of Ca 2+ was significantly lower in the hemolymph than cuticle, hepatopancreas, or muscle. However, Ca 2+ in the hemolymph could be used for osmoregulation, storage, or for transfer to the other tissues (Wheatly, 1996; Wilder et al., 2009 ).
In conclusion, the calcium balance of L. vannamei is affected by the molting cycle and the ambient salinity. Calcium is absorbed from the external environment, used to mineralize the cuticle of L. vannamei, and stored in the hemolymph and hepatopancreas. Hemolymph and the hepatopancreatic epithelial cells of L. vannamei may have calcium channels and calcium-transporting functions. Some muscle proteins that are dependent on calcium may affect the process of weight gain during the molting cycle.
